Superhydrophobicity has been demonstrated on ultrathin rf-sputtered Teflon coated etched aluminum surfaces. The etching of aluminum surfaces has been performed using dilute hydrochloric acid. An optimized etching time of 2.5 min is found to be essential, before Teflon coating, to obtain a highest water contact angle of 164 ± 3° with a lowest contact angle hysteresis of 2.5 ± 1.5°, with the water drops simply rolling off these surfaces with even the slightest inclination of the sample. The presence of − CF3 radicals along with − CF2 radicals in the ultrathin rf-sputtered Teflon films, as investigated by X-ray photoelectron spectroscopy (XPS), contributes to the lowering of the surface energy on the aluminum surfaces. The presence of patterned microstructure as revealed by field emission scanning electron microscope (FESEM) together with the low surface energy ultrathin rf-sputtered Teflon films renders the aluminum surfaces highly superhydrophobic.
Researchers have created several superhydrophobic surfaces where water drops roll off, removing surface contamination, an effect observed on the lotus leaf and several other life forms in nature [1] , [2] and [3] . In general, the contact angle of water on smooth flat hydrophobic surfaces, such as Teflon, does not exceed 120° [4] . However, the addition of roughness to the surface can increase the contact angle of water without altering the surface chemistry. The resulting superhydrophobicity is attributed to the combined effects of surface morphology and surface chemistry. These superhydrophobic surfaces exhibit a very high contact angle (CA) of water and a very low contact angle hysteresis (CAH). As a result, water drops roll off such surfaces with even the slightest tilt, giving them great potential in various technological areas, for example, microfluidic devices, textile industries and possibly anti-icing applications.
Recently many methods have been developed to fabricate such superhydrophobic surfaces [5] , [6] , [7] , [8] , [9] and [10] . Erbil et al. [5] described a simple and inexpensive method for forming a superhydrophobic coating using polypropylene and a suitable selection of solvents and temperatures to control the surface roughness. Recently, lithography has been used to create ordered structures on surfaces to demonstrate superhydrophobicity [6] . Onda et al. [7] achieved a contact angle of 174° on the surface of the fractal structure of alkylketene. Other methods include the sol-gel process to generate a porous rough surface [8] , the anodic oxidation of aluminum surfaces [9] and plasma polymerization [10] . In many of these cases, a rough surface was initially created, which was then coated with a low surface energy thin film to enhance superhydrophobicity.
Chemical etching is one of the methods very frequently used in applied [11] , [12] and [13] and basic research [14] . These literatures show that chemical etching changes surface morphology with the existence of microstructure patterns. In this study we have demonstrated superhydrophobicity on micropatterned aluminum surfaces obtained by chemically etching with hydrochloric acid and coated with ultrathin rfsputtered Teflon film. An optimum etching time has been determined for creating such micropattern which is a basic requirement for the surfaces to exhibit superhydrophobicity. The base pressure of the chamber, however, was 2 × 10− 6 Torr. The XPS spectra were collected by using the ESCALAB 220iXL spectrophotometer, equipped with a monochromatic Al Kα (1486.6 eV) source. The surface morphology of the samples was investigated using an LEO field emission scanning electron microscope (FESEM). The contact angle measurements were made at room temperature using a Krüss DSA100 goniometer following a very standard and commonly used experimental procedure as reported in the literature [15] . In this method, a water drop of volume ∼ 5 µL was suspended with the needle and brought in contact with the superhydrophobic surfaces using a computer controlled device as provided by Krüss GmbH. The contact angle hysteresis was measured by holding the water drop with a stationary needle in contact with the surface and moving the goniometer stage in one direction. Variation in the thickness of the aluminum substrates is not observed up to after etching for even a duration of 2 min as shown in Fig. 1(a) . The presence of a thin layer of aluminum oxide (Al2O3) on the aluminum surfaces may be the cause for the unchanged thickness up to 2 min of etching. Hydrochloric acid (HCl) when reacting with Al2O3, produces aluminum chloride (AlCl3) and water (H2O). Aluminum also produces aluminum chloride (AlCl3) and hydrogen (H2) when reacting with HCl. The free energies of reactions are calculated for both the reactions. By definition, the free energy of reaction is equal to the free energy of products minus the free energy of reactants [16] .
Experimental

Results and discussion
According to our calculations, the free energies of reactions are + 183.1 kJ/mol when HCl reacts with Al2O3 and − 688 kJ/mol when HCl reacts with aluminum (Al). As the free energy of reaction of Al2O3 with HCl is positive, the removal of aluminum oxides is very slow taking nearly 2 min to be removed. However, after 2.5 min of etching period, the thickness reduced to 1.46 ± 0.014 mm, which further reduced to 1.25 ± 0.012 mm after a prolongation of etching period to 5 min. The change of thickness of the aluminum substrates etched between 2 and 5 min of duration follows a first order exponential decay law with time as presented in Eq. (1):
where d is the thickness of the aluminum substrates and t is the time of etching. Once the aluminum oxide layer is removed, the hydrochloric acid reacts with aluminum vigorously as the free energy of reaction is negative, and the thickness of the films start reducing exponentially as presented by Eq. (1) and depicted in Fig. 1(a) . Fig. 1(b) shows the contact angle data of water on ultrathin rf-sputtered Teflon thin film coated etched aluminum substrates. According to the literatures, the term "ultrathin" films mean that the thickness of the films is less than 5 nm [17] , [18] , [19] , [20] and [21] .
Moreover, our XPS analysis also shows a very faint signal from the substrates (figure is not included); indicating that the thickness of the Teflon films is less than 5 nm. Such a low thickness of the ultrathin Teflon coating on the etched aluminum surface does not change the morphology of the etched aluminum surfaces. The ultrathin rf-sputtered Teflon coated as-received aluminum substrate showed a contact angle of ∼ 121 ± 1.3°.
The contact angle is found to increase to 129 ± 2.4° for the ultrathin rf-sputtered Teflon coated aluminum substrates that were etched for 1 min and 146 ± 3° on those that were etched for 2 min. The contact angle further increases to 164 ± 3° on the ultrathin rfsputtered Teflon coated aluminum substrates that were etched for 2.5 min. It is interesting to notice that the contact angle remains constant on the ultrathin rf-sputtered Teflon coated aluminum surfaces that were further etched for longer than 2.5 min as shown in Fig. 1(b) . While the ultrathin rf-sputtered Teflon coated etched aluminum surfaces demonstrated the property of rolling off of water drops, it is observed that the water drops are completely absorbed by the surfaces of etched aluminum which had no Teflon coating. It is observed from Fig. 1(a) that the thickness of the aluminum substrates reduces exponentially with etching time however; Fig. 1(b) shows that the contact angle remains constant after etching for longer than 2.5 min. The thickness of the aluminum substrates reduces by 7.6% for those etched for a period of 2.5 min.
However, after 5 min of etching period, the contact angle still remains the same but with a loss of ∼ 21% of the thickness. Therefore, the highest contact angle of 164 ± 3° has been obtained on ultrathin rf-sputtered Teflon coated aluminum substrates with the loss of only 7.6% thickness. The contact angle values similar to our observation or even higher have been reported in the recent literatures [22] , [23] and [24] . The insets of Fig.   1(b) show the shapes of water drop on 1 min and 2.5 min etch surfaces for visualizing the values of contact angles. preferentially compared to defect-free parts of a crystal [25] . The etch patterns are formed due to this preferential etching which effectively change the surface morphology [12] and [13] and shows superhydrophobicity after Teflon coating. X-ray photoelectron spectroscopy (XPS) analysis has been carried out to confirm the presence and the chemical composition of the ultrathin rf-sputtered Teflon films. Fig. 3 shows the C 1s peak of an ultrathin rf-sputtered Teflon film. The XPS spectrum of C 1s peak has been fitted with six components having equal width corresponding to CF3 at 293.3 eV, CF2 at 291.3 eV, CF-CFn at 289.3 eV, CF at 287.8 eV, C-CFn at 286.5 eV and C-C at 285 eV. The XPS quantification in atomic concentration has been carried out taking into account the individual peak areas and the corresponding sensitivity factors.
The atomic ratio of F/C is found to be ∼ 1.7 which is higher than any reported result for ultrathin rf-sputtered Teflon films deposited by means of an Ar plasma [26] and [27] .
Moreover, the CF3 and CF2 peaks are very distinct and separated from each other by 2 eV. In contrast to the C 1s spectra reported recently [28] , [29] and [30] and which showed hardly any CF3 peak, we observed a very distinct CF3 peak in our ultrathin rfsputtered Teflon films ( Fig. 3) . In general, a surface terminated with-CF3 radical has lower surface energy than a surface terminating with-CF2 radical [31] . Although, Teflon is a polymer of [− CF2]n functional group, several-CF3 radicals are also formed in a rfsputtered Teflon film as shown by the XPS spectra in Fig. 3 . These excess-CF3 groups along with-CF2 groups in the ultrathin rf-sputtered Teflon films lower the surface energy of the etched aluminum surfaces rendering them highly superhydrophobic, making a water contact angle of ∼ 164 ± 3° with a very low contact angle hysteresis of lower than 2.5 ± 1.5°. Water drops simply roll of from such surfaces. This simple, low cost and efficient way of preparing substrates with superhydrophobic properties will have tremendous industrial application. 
